The ascomycete Podospora anserina is a coprophilous fungus that grows at late stages on droppings of herbivores. Its genome encodes a large diversity of carbohydrate-active enzymes. Among them, four genes encode glycoside hydrolases from family 6 (GH6), the members of which comprise putative endoglucanases and exoglucanases, some of them exerting important functions for biomass degradation in fungi. Therefore, this family was selected for functional analysis. Three of the enzymes, P. anserina Cel6A (PaCel6A), PaCel6B, and PaCel6C, were functionally expressed in the yeast Pichia pastoris. All three GH6 enzymes hydrolyzed crystalline and amorphous cellulose but were inactive on hydroxyethyl cellulose, mannan, galactomannan, xyloglucan, arabinoxylan, arabinan, xylan, and pectin. PaCel6A had a catalytic efficiency on cellotetraose comparable to that of Trichoderma reesei Cel6A (TrCel6A), but PaCel6B and PaCel6C were clearly less efficient. PaCel6A was the enzyme with the highest stability at 45°C, while PaCel6C was the least stable enzyme, losing more than 50% of its activity after incubation at temperatures above 30°C for 24 h. In contrast to TrCel6A, all three studied P. anserina GH6 cellulases were stable over a wide range of pHs and conserved high activity at pH values of up to 9. Each enzyme displayed a distinct substrate and product profile, highlighting different modes of action, with PaCel6A being the enzyme most similar to TrCel6A. PaCel6B was the only enzyme with higher specific activity on carboxymethylcellulose (CMC) than on Avicel and showed lower processivity than the others. Structural modeling predicts an open catalytic cleft, suggesting that PaCel6B is an endoglucanase.
C
ellulose, a polysaccharide of ␤-1,4-linked D-glucose units, is the most abundant biopolymer on earth. It is the main constituent of plant cell walls, where it forms a tight complex together with hemicelluloses and is embedded in the lignin matrix. Cellulose is a recalcitrant material organized into microfibrils and composed of highly ordered glucan chains interlinked by hydrogen bonds. Depending on the source of cellulose, these fibrils have a more or less crystalline character, and for deconstruction of these complex structures, microorganisms have developed specialized enzymatic systems. All cellulolytic organisms produce multiple enzymes for cellulose degradation, but three main catalytic activities are necessary for complete hydrolysis: exoglucanases (or cellobiohydrolases [CBHs] ) attack cellulose chains from the chain ends, and endoglucanases cleave the cellulose chain randomly, while ␤-glucosidases hydrolyze cellobiose, the reaction product of cellobiohydrolases. For efficient degradation, all three enzymatic activities have to be present, and synergistic interactions have been shown to be essential for a rapid degradation process (1) (2) (3) (4) . While exo-endo synergy can be easily explained by endoglucanases creating new chain ends for exoglucanases, exo-exo synergy still lacks a fully satisfactory explanation.
In contrast to synergistic interactions, the reaction mechanism of isolated enzymes is better understood, since structure-function studies have led to the identification of catalytic residues for cellobiohydrolases and endoglucanases (5) (6) (7) (8) (9) (10) (11) . Sequence similarity and, therefore, structural properties are at the origin of the classification of these enzymes in the CAZy (Carbohydrate-Active enZymes) database, facilitating the assignment of function (12) . Fungal endoglucanases are classified into glycoside hydrolase families GH5, GH6, GH7, GH9, GH12, GH45, and GH74, while fungal exoglucanases can be found in families GH6, GH7, and GH48.
At the three-dimensional (3D) level, cellobiohydrolases are characterized by a typical tunnel-shaped active site, with the roof of the tunnel formed by long flexible loops (5, (13) (14) (15) . In contrast, their homologous endoglucanases bear shorter loops converting their active site into a classical cleft. This difference in active-site topology has consequences in the action pattern of the enzymes. The cellulose chain end is believed to enter the tunnel active site of cellobiohydrolases and to be cut processively into cellobiose units as it threads through the tunnel (5, 16) . Instead, the open cleft active site of endoglucanases is thought to allow random binding and cleavage along the cellulose chain. An increasing number of genomic and proteomic studies on fungi reveal a large variety of lignocellulose-degrading enzymes present in these organisms. A very interesting ascomycete is Podospora anserina, which grows on herbivore dung. Its mycelium develops at a late stage, after the most easily utilizable biomass components, such as hemicellulose and pectin, have already been degraded by other species. P. anserina is therefore hypothesized to be able to specifically use the recalcitrant parts of lignocellulose. The analysis of its genome has indeed revealed an impressive number of genes encoding carbohydrate-activating enzymes (CAZymes) and enzymes putatively involved in lignin degradation, including oxidoreductases, cellobiose dehydrogenase, cop-per radical oxidases, or laccases, which is a rather atypical feature for ascomycetes (17) . The total number of putative glycoside hydrolases is similar to those in other sequenced ascomycetes, but it has the largest panel of cellulose-degrading enzymes and carbohydrate binding modules (CBMs). For instance, P. anserina has 30 genes encoding putative cellulases belonging to the families cited above, compared to only 8 for Trichoderma reesei, a number which is particularly small compared to most other carbohydrate-degrading ascomycetes (18) .
The specific activity of CBHs on soluble and insoluble substrates has been shown to be lower than that of endoglucanases (19) , and the CBH activity is probably rate limiting for cellulose hydrolysis (20) . For efficient hydrolysis, a large amount of CBH enzyme is therefore needed in cellulolytic complexes, such as the one of T. reesei. In the latter organism, CBHs are the most abundant enzymes; i.e., Cel7A (CBH1) makes up 40 to 60% and Cel6A (CBH2) makes up about 20 to 30% of the total amount of secreted proteins (21) . An enhancement of Cel6A was shown to be beneficial for hydrolytic activity of the complex (22) , and Cel6A deletion mutants showed a 33% decrease in saccharification efficiency (23) . Intriguingly, T. reesei contains only one enzyme of the GH6 family, in contrast to Humicola insolens and Myceliophthora thermophila, two other fungi that produce efficient cellulolytic cocktails containing three family GH6 enzymes. H. insolens Cel6A and Cel6B have been shown to display endoglucanase and cellobiohydrolase activities, respectively (24) (25) (26) . P. anserina has four genes encoding putative GH6 enzymes, but to date, nothing is known about the enzymatic properties of this important family of cellulose-degrading enzymes in this organism. The reason for the existence of multiple enzymes is not known, and the question arises as to whether there is redundancy or if each enzyme has a distinct role.
To answer this question, we undertook the cloning of the four P. anserina genes encoding putative GH6 cellulases to express them heterologously. We successfully produced three of the enzymes, termed P. anserina Cel6A (PaCel6A), PaCel6B, and PaCel6C. Substrate and product profiles of the purified enzymes revealed significant differences concerning the specificities and modes of action on cellulose model substrates. The biochemical characteristics of P. anserina GH6 cellulases were compared to those of T. reesei Cel6A (TrCel6A), revealing differences in their modes of action. ) supplemented with 1% Avicel cellulose, with or without induction by 0.1% sophorose 1 h prior to harvesting of the mycelia. Total RNA was extracted from 3-or 5-day-old cultures with the RNeasy plant kit (Qiagen, Courtaboeuf, France), and cDNAs were synthesized by using SuperScript reverse transcriptase (RT) (Life Technologies, NY, USA), according to the manufacturer's instructions. PaCel6B and PaCel6D were amplified by PCR using Pfu DNA polymerase (Promega, WI, USA) and the following primers: PaCel6B-F (5=-TAG AAT TCG CCC CTT CCC CGA CCA CC-3=), PaCel6B-R (5=-GAT CTA GAC CGA GAA GGG AAG GGT TAG A-3=), PaCel6D-F (5=-TAG AAT TCT CTC CCC TTG AGG CAC GC-3=), and PaCel6D-R (5=-GAT CTA GAC CCA AGC ACT GCG AAT ACC A-3=). PaCel6A and PaCel6C could not be obtained by amplification, and their coding sequences were synthesized after codon optimization for expression in P. pastoris (Eurogentec, Belgium). The TrCel6A gene was amplified from cDNA obtained from T. reesei strain CL847. Coding sequences for PaCel6A, PaCel6B, PaCel6C, and TrCel6A were cloned into the pPICZ␣A vector (Life Technologies), in frame with the yeast ␣-secretion factor and with C-terminal hemagglutinin (HA) and His tags. For an unknown reason and despite multiple trials, the PaCel6D coding sequence, which was obtained after RT-PCR, could not be cloned into the expression vector and therefore could not be produced. The enzyme is therefore termed PaGH6D.
MATERIALS AND METHODS
Competent X33 yeast cells were prepared and transformed by electroporation according to the EasySelect Pichia expression kit protocol (Life Technologies). Expression vectors were linearized by PmeI (New England BioLabs, MA, USA) prior to transformation. After electroporation, cells were spread onto yeast extract-peptone-dextrose medium with sorbitol (YPDS)-zeocin plates. Transformants were selected by their lower growth rates on MM plates than on minimum dextrose (MD) plates.
Enzyme production and purification in Pichia pastoris. Culture supernatants of 10 clones were first analyzed by small-scale protein productions in a total volume of 10 ml BMGY, as described previously (27) . When the optical density at 600 nm (OD 600 ) reached a value of between 2 and 6, cells were transferred into 2 ml BMMY and grown at 30°C, with daily addition of 3% (vol/vol) methanol. After SDS-PAGE analysis, clones with the highest secretion levels were selected, cultured in 200 ml BMGY starting culture, and transferred into 40 ml BMMY. Recombinant proteins were recovered after 5 days of methanol induction. After 10 min of centrifugation at 4,000 ϫ g, supernatants were passed through a 0.2-m filter. Samples were then concentrated 10 times in binding buffer (50 mM Tris-HCl [pH 7.8], 150 mM NaCl, 10 mM imidazole) by ultrafiltration in a Vivaspin 20 column (polyethersulfone membrane, 10-kDa cutoff; Sartorius, France). Subsequently, recombinant proteins were purified on a 5-ml HisTrap column (GE Healthcare) connected to an Äkta fast protein liquid chromatography (FPLC) apparatus (GE Healthcare), according to the manufacturer's instructions. Enzymes were eluted with binding buffer supplemented with 150 mM imidazole. A final ultrafiltration step was used to concentrate proteins in 50 mM acetate buffer (pH 5). Protein homogeneity was checked on a 12% SDS-polyacrylamide gel, followed by Coomassie staining.
Protein analysis. Deglycosylation of 2 g recombinant protein was performed with 2 l of either endo-␣-N-acetylgalactosaminidase and 2 l neuraminidase or 2 l endoglycosidase H (Endo H) (all from New England BioLabs) for 2 h at 37°C, according to the manufacturer's instructions.
N-terminal sequences were determined by Edman degradation with a Procise cLC sequencing system (model 494cLC; Applied Biosystems) from purified protein samples electroblotted onto a polyvinylidene difluoride (PVDF) membrane (Life Technologies).
Biochemical characterization by activity assays. Determinations of activity profiles on solid substrates were performed with microtiter plates by measuring the release of reducing sugars with 3,5-dinitrosalicylic acid (DNS), as reported previously (28). The total volume was 100 l, containing 6.4 mg liter Ϫ1 of purified enzymes in 50 mM acetate buffer (pH 5) for TrCel6A or citrate-phosphate buffer (pH 7) for the three PaCel6 enzymes and 10 g liter Ϫ1 substrate. Substrates used were Avicel PH-101 cellulose, carboxymethylcellulose (CMC), hydroxyethyl cellulose (HEC), birchwood xylan, pectin (all from Sigma-Aldrich), barley ␤-glucan, 1,4-␤-Dmannan, carob galactomannan, sugar beet arabinan, wheat arabinoxylan, arabinogalactan, xyloglucan, and konjak glucomannan (all from Megazyme, Wicklow, Ireland). Reaction mixtures were incubated at 35°C or 45°C, depending on enzyme stability, for 30 min. Reactions were stopped by boiling, and the mixtures were centrifuged at 4,000 ϫ g for 3 min.
Activities on soluble cellooligosaccharides were measured at optimal pH and temperature with 20 mg/liter cellooligosaccharides and 10 mg liter Ϫ1 enzyme. Reactions were stopped after 30 min by placing the mixtures into boiling water for 5 min. Reaction products were analyzed with a Dionex ISC300 high-performance liquid chromatography (HPLC) system as described previously (29) . For determination of kinetic constants, enzymes were incubated at an appropriate concentration (0.5 to 2 nM) in 50 mM phosphate buffer (pH 7) and at optimal temperature (45°C for PaCel6A and PaCel6B and 35°C for PaCel6C) with cellotetraose (0.5 to 30 M) for up to 20 min. Reactions were inactivated by placing the mixtures into a boiling water bath for 5 min, and reaction products were analyzed by HPEAC-PAD (high-performance anion-exchange chromatography coupled with pulsed amperometric detection). Kinetic constants were determined by using the least-squares method.
Product profiles were established in duplicates on Avicel and CMC at 1% dry matter in 10 mM citrate-phosphate buffers. The substrates were incubated with 10 mg g Ϫ1 enzyme for 15 min and 24 h under optimal conditions (TrCel6A, 45°C at pH 5; PaCel6A, 45°C at pH 7; PaCel6B, 35°C at pH 7; PaCel6C, 25°C at pH 6). Reactions were stopped by boiling for 5 min, and reaction products (glucose, cellobiose, and cellotriose) were analyzed by HPEAC-PAD. Processivity was determined by using oligosaccharide ratios, as described previously (30, 31) .
Effect of pH and temperature on enzymatic activity. The apparent optimal pH was estimated by using 1% Avicel in a total volume of 100 l of 50 mM citrate-phosphate buffer (pH 3 to 7), 50 mM Tris-HCl (pH 7 to 9), and 50 mM Tris-maleate (pH 9 to 10). The optimal reaction temperature was studied by incubating the enzymes with 1% Avicel for 15 min at temperatures of between 30°C and 70°C, at pH 5 for TrCel6A and at pH 7 for PaCel6 enzymes. For enzymatic stabilities, enzymes were incubated in different buffers or at different temperatures for 24 h, and residual activity was measured as described above. Reducing sugars were determined according to a protocol adapted from a method described previously (32 polyvinyl pyrrolidone K25, 2 N H 2 SO 4 ). The optical density was measured at 520 nm after 15 min of incubation at room temperature in the dark. Each point was the mean of three independent measurements, with a standard deviation of 2 to 10%. Cellulose binding assay. The capacity of adsorption of enzymes to Avicel was determined after incubating 60 g of protein with 300 l 1% Avicel PH-101 (Sigma-Aldrich) in 50 mM acetate buffer (pH 5) for TrCel6A or citrate-phosphate buffer (pH 7) for the three PaCel6 enzymes for 4 h at 4°C with agitation. After centrifugation, the amount of cellulases left in the supernatant was quantified by using the Bio-Rad protein assay kit with bovine serum albumin (BSA) as a standard (Bio-Rad, France). Controls without protein or with BSA were analyzed in parallel.
Structure modeling and bioinformatic analysis. Sequence alignments were done by using ClustalW on the EMBL-EBI server (http://www .ebi.ac.uk/Tools/msa/clustalw2/). PaCel6 structures were predicted by using the PHYRE2 server (http://www.sbg.bio.ic.ac.uk/phyre2/) (33) . Models were visualized with PyMOL (PyMOL Molecular Graphics System, version 1.1; DeLano Scientific, USA). All PaCel6 models were registered in the Protein Model Database (http://www.caspur.it/PMDB/). PMDB identifiers are PM0077882, PM0077884, PM0077885, and PM0077886 for PaCel6A, PaCel6B, PaCel6C, and PaCel6D, respectively.
The NetOGlyc (http://www.cbs.dtu.dk/services/NetOGlyc/) and NetNGlyc (http://www.cbs.dtu.dk/services/NetNGlyc/) servers were used for glycosylation site predictions.
RESULTS
Sequence analysis and expression of P. anserina GH6 enzymes. The annotated P. anserina genome has four genes encoding family GH6 glycoside hydrolases (GenBank accession numbers XM_001903135 for PaCel6A, XM_001903174 for PaCel6B, XM_001903858 for PaCel6C, and XM_001903610 for PaGH6D). PaCel6A and PaGH6D both harbor a cellulose binding module of family CBM1 at their N terminus, explaining their slightly higher molecular masses (Table 1) . PaCel6B, PaCel6C, and PaGH6D catalytic domains have very limited identity to the T. reesei cellobiohydrolase 2 enzyme (TrCel6A).
At the time of writing, the most similar proteins that have been biochemically characterized are exoglucanase A from Humicola insolens (UniProtKB accession number Q9C1S9), displaying 72% and 50% identities to PaCel6A and PaCel6C, respectively, and H. insolens endoglucanase 6B (accession number Q7SIG5), with 54 and 82% identities to PaCel6B and PaGH6D, respectively. Identities between the four PaCel6 enzymes ranged between 25 and 45%, with PaCel6B and PaGH6D displaying the highest similarity to each other and PaCel6A and PaGH6D displaying the lowest similarity. Sequence analysis of the four PaCel6 enzymes was realized by a multiple alignment including TrCel6A (Fig. 1) . All amino acids which are known to be involved in catalysis, namely, Asp221 (following TrCel6A numbering) and Asp175 (7) , are conserved in all four PaCel6 sequences. Tyr169, proposed to participate in catalysis by causing distortion of the glucose ring undergoing catalysis (34) , was also found to be conserved in all four proteins. Two other aspartic acid residues, Asp401 and Asp412, not directly involved in catalysis but contributing to full enzymatic activity (11) , are conserved in PaCel6A and PaCel6C, but Asp412 is absent in PaCel6B and PaGH6D. The most important amino acids involved in binding of the glucose moiety at the Ϫ2, ϩ1, ϩ2, and ϩ4 subsites (throughout this paper, we follow the subsite nomenclature proposed by Davies et al. [35] ) are also present in all four PaCel6 enzymes (Trp135, Trp269, Trp272, and Trp367) (9), but Glu107 (Ϫ3 subsite) is not conserved in PaCel6B and PaGH6D (11) .
In order to induce the expression of PaCel6 genes, P. anserina was grown on Avicel as the sole carbon source. Under this condition, only cDNAs encoding PaCel6B and PaGH6D were obtained, whereas synthetic genes had to be generated for cloning of PaCel6A and PaCel6C in P. pastoris. For an unknown reason, cloning of the PaGH6D coding sequence failed despite several trials, and the corresponding protein therefore could not be produced in P. pastoris. The three other proteins, PaCel6A, PaCel6B, and PaCel6C, finally yielded 30 to 130 mg liter Ϫ1 of protein after induction of P. pastoris transformants by methanol. In parallel, TrCel6A was also expressed in P. pastoris for comparative studies. After purification on a Ni column, proteins were analyzed by SDS-PAGE (Fig. 2) . All proteins displayed higher apparent molecular masses than the predicted ones, suggesting glycosylation by the host. Whereas PaCel6B and PaCel6C seemed only slightly glycosylated, PaCel6A and TrCel6A had an apparent molecular mass of about 70 kDa (theoretical mass of TrCel6A of 47.9 kDa). For all proteins, both N-and O-glycosylation sites are predicted (Table 1) . Deglycosylation by Endo H led to reductions of the molecular masses of all proteins. The most important reduction was observed for TrCel6A and PaCel6B, which also have the largest number of predicted N-glycosylation sites (Fig. 2) . A large number of O-glycosylation sites are predicted for the linker domain of TrCel6A and PaCel6A (Table 1) . Treatment with endo-␣-Nacetylgalactosaminidase reduced the molecular masses of all recombinant proteins. Several bands appeared after deglycosylation of PaCel6B and PaCel6C, which is supposed to be due to incomplete deglycosylation. The molecular mass of PaCel6A could not be reduced significantly by either N-or by O-deglycosylation. A lower level of incorporation of SDS or inefficient deglycosylation could explain the migration at a higher apparent molecular mass.
The N-terminal sequence was determined for all proteins, which confirmed that all of them were correctly processed, except for PaCel6A, which, for an unknown reason, lacked the first 5 amino acids. The N-terminal sequence of the mature protein started with ERQN. However, this should not impact the function of the CBM, which is situated at the N terminus, but is predicted to start only 8 amino acids further.
Enzymatic properties of P. anserina GH6 enzymes. PaCel6 enzymatic activities were assayed on cellooligosaccharides and structurally different polysaccharides. Table 2 summarizes the product profiles on G3 (cellotriose) to G6 (cellohexaose) cellodextrins. The observed cleavage pattern for TrCel6A confirmed previous results for the native enzyme (36) . PaCel6 enzymes all had similar cleavage patterns, with the exception that glucose was never detected after cleavage by PaCel6A, in contrast to the three other enzymes. All enzymes were active on Avicel and CMC. In addition, PaCel6B displayed activity on barley ␤-(1,3;1,4)-glucan and glucomannan. No activity was detected on mannan, galactomannan, arabinoxylan, arabinan, xylan, xyloglucan, HEC, and pectin. As all enzymes were active on Avicel, this substrate was chosen to determine the apparent temperature and pH optima as well as stability. PaCel6 enzymes had rather narrow temperature optima, which were generally lower than that of TrCel6A. PaCel6A presented the highest activity at 55°C but had a 30%-lower activity at 65°C, in contrast to TrCel6A, which displayed the same activity at both temperatures (Fig. 3A) . Temperature stability profiles showed that PaCel6A was the most stable of the P. anserina enzymes (up to 45°C, as for TrCel6A), whereas PaCel6B and PaCel6C lost nearly all activity after 24 h at 45°C and 35°C, respectively (Fig. 3B) .
The Cel6 enzymes from P. anserina showed interesting activity profiles when the pH varied (Fig. 3C) . These enzymes maintained nearly 100% of their activity from pH 5 up to pH 9, in contrast to TrCel6A, which lost about 50% of its activity at pH Ն6. Concerning stability, PaCel6A was also fairly stable for 24 h at these pH values. The activities of PaCel6B and PaCel6C declined upon incubation for 24 h at pH Ն7. The following experiments including the determination of kinetic parameters were conducted under optimal conditions for each enzyme.
Michaelis-Menten constants were determined on the soluble substrate cellotetraose. This substrate was cleaved by all four enzymes exclusively into two cellobiose units. HPAEC-PAD analyses revealed only traces of glucose and cellotriose. The kinetic behavior was very different for each P. anserina enzyme (Table 3) . Kinetic constants for PaCel6A and TrCel6A were rather similar. The k cat value of PaCel6A was 2-fold higher than that of TrCel6A, but it was determined at the optimal temperature for this enzyme (45°C), in contrast to TrCel6A (27°C). Interestingly, PaCel6B had a very high turnover number (k cat ϭ 27.7 s Ϫ1 ) but the lowest affinity for cellotetraose (K m ϭ 43 M). The k cat of PaCel6C was about 100-fold lower than that of PaCel6B, but the affinity for cellotetraose was much higher. The catalytic efficiencies (k cat /K m ) of PaCel6B and PaCel6C were 2-fold lower than those of PaCel6A and TrCel6A.
Product profile analyses. Because glycoside hydrolase family GH6 groups together both exo-and endoglucanases, we have determined the product profiles of the three P. anserina GH6 enzymes, using CMC and Avicel as substrates ( Table 4 ). The main hydrolysis product from these cellulose substrates was cellobiose (G2) and, to a lesser extent, glucose (G1) and cellotriose (G3). The fact that TrCel6A slowly cleaves G3 leads to a larger amount of G3 G3  G3  G4  G2  G5  G2, G3  G6  G2, G3   PaCel6B  G3  G1, G2, G3  G4  G2  G5  G2, G3  G6  G1, G2, G3   PaCel6C  G3  G1, G2, G3  G4  G2  G5  G2, G3  G6 G2, G3 and lower G2/G3 ratios at 15 min than at 24 h. The G2/G1 ratio decreased slightly or remained the same at 24 h, which is in accordance with the formation of G1 following the cleavage of G3. For PaCel6A, the G3 concentration increased from 6 to 49 M between 15 min and 24 h, but the G2/G3 ratio increased at the same time. A similar trend was observed for G1; i.e., the glucose amounts and the G2/G1 ratio increased with time. These data suggest that G3 and G1 might be formed mainly in the first minutes of the reaction, by an initial attack liberating G1 or G3 instead of the G2 produced in a processive action ("false initial attack" b For Avicel, processivity was calculated as the molar ratio (G2 Ϫ G1)/(G3 ϩ G1), except for PaCel6A, where it was G2/(G1 ϩ G3). For CMC, processivity was calculated as G2/(G3 ϩ G1).
[37]). With time, the ongoing processive hydrolysis might then lead to proportionally less G3 and G1 formation. Glucose thus seems to originate only from false initial attack, which is confirmed by the fact that PaCel6A, in contrast to TrCel6A, cannot cleave G3. PaCel6B and PaCel6C produced small amounts of G3 and G1 after 15 min. G2/G3 ratios increased after 24 h for both enzymes, whereas G2/G1 ratios remained similar. As for TrCel6A, this is probably due to a slow hydrolysis of G3. The ratio of G2/(G1 ϩ G3) or, for enzymes degrading G3, the ratio (G2 Ϫ G1)/(G3 ϩ G1) can be used to estimate processivity (30) . Table 4 shows that processivity was lower for PaCel6B and PaCel6C than for PaCel6A and TrCel6A.
All four tested enzymes were also able to hydrolyze CMC, with the highest activity observed for TrCel6A, followed by PaCel6B. TrCel6A released more glucose than G3, which is in contrast to the three P. anserina enzymes. A possible reason for this could be that TrCel6A slowly cleaves G3 into glucose and G2. Alternatively, more glucose than G3 could be produced by false initial attacks. The second hypothesis would be consistent with the fact that the bulkier side chains of CMC might have more difficulty in entering the tunnel-shaped active site. PaCel6A, PaCel6B, and PaCel6C produced more G3 than glucose, which is in contrast to the results obtained with Avicel at 24 h. Carboxymethyl cellotriose might not be a substrate for these enzymes. On the other hand, the rather high level of production of G3 by PaCel6A and PaCel6B may indicate a higher frequency of false initial attacks due to reduced processivity of these enzymes on CMC.
Endo-or exoglucanase activity? To gain information on the active-site topology of P. anserina Cel6 enzymes, homology models of all four PaCel6 enzymes were built based on known template 3D structures (Fig. 4) . PaCel6A and PaCel6C display active-site tunnels, suggesting that they are processive enzymes, in good agreement with the biochemical data that demonstrate the highest activities on crystalline cellulose. The tunnel structure could also explain the lower activity on CMC, with the substituted glucose units having more difficulty entering the narrow active site. The processivity of PaCel6A on Avicel is similar to that of TrCel6A, suggesting that the types of action of the two enzymes could be similar. However, more work is needed to elucidate the reason for the lower catalytic efficiency and specific activity of PaCel6A. In contrast to PaCel6A and PaCel6C, the PaCel6B and PaGH6D structures are predicted to contain a binding cleft rather than a tunnel structure. These two enzymes indeed lack 15 amino acids of the C-terminal loop (residues 406 to 420, according to TrCel6A numbering), generating an open topography of the active site. A similar short loop was also found for H. insolens Cel6B, an endoglucanase, which represents the closest characterized enzyme to PaCel6B and PaGH6D, with 54 and 82% identity, respectively. Asn182 of the N-terminal loop, which is in direct contact with Arg410 of the C-terminal loop in exoglucanases (38) , is also absent in the latter two enzymes (Fig. 2 ). The homology model thus supports the hypothesis that these enzymes have endo-type activity. In the case of PaCel6B, this was already suggested by the biochemical data obtained: higher activity on CMC than on Avicel and lower processivity on Avicel were found. In addition, this enzyme was shown to cleave glucomannan and ␤-(1,3;1,4)-glucan, suggesting that mixed hexose polymers with different ␤-linkages can be accommodated in the larger active site.
DISCUSSION
Since the 1960s, P. anserina has been used as a model for studying fundamental biological processes, such as life cycle and fungal sexual reproduction. Because this coprophilous fungus develops on herbivore dung after zygomycetes and (hemi)cellulose-degrading ascomycetes, it is believed to have to cope with the most recalcitrant plant residues. With the current intense search for efficient biomass conversion enzymes, P. anserina is beginning to be investigated for its biomass-degrading capacities. The publication of its genome indeed revealed a large portfolio of lignocellulose-degrading enzymes (17) , which are only starting to be characterized (27) . The present study is, to our knowledge, the first one describing cellulolytic enzymes of this organism.
P. pastoris has already been used successfully to express several P. anserina polysaccharide-degrading enzymes (27, 39) and numerous other CAZymes (40) (41) (42) . In some cases, the heterologous proteins expressed in P. pastoris displayed a higher degree of glycosylation than their native counterparts (43) (44) (45) (46) , and this was also observed for TrCel6A and PaCel6A in the present study. Deglycosylation evidenced the presence of both N-and O-glycans in TrCel6A. However, PaCel6A could be only marginally deglycosylated. It is possible that the large number of O-glycosylation sites in the linker domain leads to glycan chains that are difficult to access, which might have prevented O-deglycosylation. The question arises as to whether enzymatic properties are affected by this high degree of glycosylation. Whereas glycosylation of CBM and catalytic domains can alter enzyme properties, such as activity and stability, glycosylation of the linker is generally considered to protect the enzyme from protease degradation (47) . Concerning TrCel6A, glycosylation does not seem to alter its functioning; the specific activity of the recombinant TrCel6A enzyme on Avicel was similar to what was already reported in the literature, even if the experimental conditions were not strictly identical: 0.016 U/mg in this study, compared to 0.027 U/mg in studies by Tomme et al. (48) and Billard et al. (49) , which were obtained with the native enzyme purified from T. reesei. The pH and temperature profiles of recombinant TrCel6A were also close to those previously obtained (50) . It cannot be ruled out, however, that glycosylation or the presence of tags affects the biochemical properties of one of the heterologously produced P. anserina enzymes which could not be compared to their wild-type counterparts.
The pH and temperature profiles for the three PaCel6 enzymes were different from those for the recently described P. anserina hemicellulase enzymes (27) . The GH6 enzymes studied here were generally less thermostable than the hemicellulases. In contrast, PaCel6 enzymes were active and stable in a much larger pH range, especially at alkaline pH, which was not observed for hemicellulases. Other fungal GH6 cellulases with alkaline pH optima have been described: H. insolens CBH2 (Cel6A) and Magnaporthe oryzae Cel6A show the highest activity at pH 9, but H. insolens Cel6B, an endoglucanase, has a much narrower pH optimum, centered at pH 7 (26, 51) .
In contrast to PaCel6B and PaCel6C, PaCel6A harbors a CBM1 module at its N terminus. When adsorption was measured on Avicel, about 40% of the added enzymes were bound to cellulose at 4°C after 4 h, while PaCel6B and PaCel6C did not adsorb to the substrate (not shown), suggesting that PaCel6A-CBM1 is a functional CBM. The missing CBM in the latter two enzymes might also be the reason for the lower specific activities observed on Avicel. However, the CBM does not seem to be important for hydrolysis of CMC (a soluble substrate), as the specific activities are not correlated with its presence.
Modeling of the three-dimensional structures corroborated experimental data suggesting an endo or exo type of hydrolytic attack of PaCel6 enzymes. It has been known for quite some time, however, that the distinction between endo-and exoglucanases is not absolute and is sometimes hard to establish experimentally (16, (52) (53) (54) . H. insolens Cel6A, a cellobiohydrolase, acts on crystalline cellulose ribbons in an endo-like fashion and hydrolyzes amorphous cellulose and CMC (26) . However, its structure was shown to be very similar to that of TrCel6A, with two surface loops forming a substrate binding tunnel, characteristic of exoglucanases (38) . Due to their ability to hydrolyze substituted glucose chains, such as CMC, both enzymes are therefore considered to be endo-processive cellobiohydrolases (24, 55) . PaCel6C has a lower processivity on crystalline cellulose than does TrCel6A and hydrolyzes CMC nearly as well as crystalline cellulose. This suggests that this enzyme is better characterized as a processive glucanase with an even more pronounced endo character than the Cel6A enzyme of T. reesei or H. insolens.
Other examples of processive endoglucanases are known: Agaricus bisporus CEL3 possesses loops enclosing the active-site tunnel, but its activity profile was shown to be intermediate between typical cellobiohydrolases and endoglucanases (56) . In prokaryotes, processive endoglucanases have been identified in Saccharophagus degradans (57) , and a GH9 cellulase with both endoand exoglucanase activities was described in Cellulomonas fimi (58) .
The degree of endo-type activity can be related to different structural features, such as the structure of the catalytic core, which determines its binding strength (53) . Binding of the substrate to the active site is known to involve several tryptophan residues (Trp135, Trp272, Trp367, and Trp269) (34) . The most important one, Trp135, binds to the glucose unit at the Ϫ2 subsite, and its binding strength was demonstrated to drive the movement of the cellulose chain leading to processive cleavage (11) . All of these residues are conserved in the P. anserina Cel6 enzymes, but different electrostatic environments at this subsite could lead to different degrees of processivity.
Active-site loops are another factor that may affect processivity. These are thought to display some flexibility and undergo conformational changes in response to ligand binding, which could lead to occasional endo cleavage even if the enzyme presents a tunnel-like structure (38, 59, 60) . The cleavage of fluoresceinlabeled cellodextrins by CBHs supports the hypothesis that such conformational changes occur (61) . Therefore, the degree of flexibility and length of the active-site loops may also explain the different extents of endo action observed for the PaCel6 enzymes.
In a recent study, P. anserina secretomes that had been generated by induction with different substrates were tested for their capacity to supplement a T. reesei enzyme cocktail. By replacing half of the enzyme content with an equivalent amount of P. anserina enzymes, the hydrolysis yield of steam-exploded wheat straw could be increased up to 17% upon hydrolysis at 37°C. Proteomic analysis of the two secretomes that resulted in the highest gain of hydrolysis yield, namely, those obtained after induction by sugar beet pulp and Avicel, revealed the presence of the four PaCel6 enzymes: PaCel6A and PaCel6B were induced by both substrates, whereas PaCel6C and PaGH6D were present in only one of the two secretomes (L. Poidevin, unpublished data). It cannot be confirmed at this point that the PaCel6 enzymes are responsible for the improvement in hydrolysis yield observed. However, this finding indicates that even though a P. anserina secretome hydrolyzes micronized or steam-pretreated wheat straw less efficiently than a T. reesei enzyme cocktail (Poidevin, unpublished), P. anserina produces enzymes which can effectively increase hydrolysis yields when added to a classical Trichoderma cellulase cocktail. We are only at the beginning of the characterization of the enzymatic complex of P. anserina, which includes about 180 genes encoding plant cell wall-degrading enzymes (17) . The presence of 15 GH5 genes, 6 GH7 genes, encoding putative cellobiohydrolases, and 33 GH61 genes is particularly intriguing. Transcriptomic and proteomic studies are now under way to determine which enzymes are produced in the presence of lignocelluloses and to gain a deeper mechanistic understanding of the cell wall-degrading arsenal of this fungus.
